The adverse impacts caused by the disposal of thousands of tonnes per annum of reverse osmosis (RO) membranes modules have grown dramatically around the world. The objective of this study was to evaluate the technical feasibility of recycling by chemical oxidation of end-of-life RO membranes for applications in other separation processes with specifications less rigorous. The recycling technique consisted in to cause a membrane exposition with oxidant solutions in order to remove its aromatic polyamide layer and subsequent conversion to a porous membrane. The recycling technique was evaluated by water permeability and salt rejection tests before and after the oxidative treatments. Initially, membranes' chemical cleaning and pretreatment procedures were assessed. Among factors evaluated, the oxidizing agent, its concentration and pH, associated with the oxidative treatment time, showed important influence on the oxidation of the membranes. Results showed that sodium hypochlorite and potassium permanganate are efficient agents for the membrane recycling. The great increased permeability and decreased salt rejection indicated changes on membranes' selective properties.
INTRODUTION
Over the past two decades, the number of reverse osmosis (RO) desalination plants has increased by 70% to a total of 9,000 plants worldwide that corresponds to more than 80% of the monetary value of the expanding desalination market (GWI ). The size of these RO plants has also increased significantly, with some reaching a production capacity exceeding 600,000 m 3 of water per day (IDA ). On the other hand, the RO membrane modules have a limited life cycle. Several studies have endeavoured to improve the performance of the process and extend the RO membranes lifespan. However, even with the appropriate pretreatment of the feed water, the membranes lifespan is generally limited to 5 to 7 years (Ziolkowska ) .
Discarded RO membrane modules are currently classified worldwide as inert solid waste and are often disposed of in landfills, with limited reuse and recycling alternatives available. Estimates indicated that the mass of membranes annually discarded worldwide reached 12,000 tonnes in 2015 (Lawler et al. ) , corresponding to approximately 27,000 m 3 . At the current rate, the disposal of RO modules presents significant and growing adverse impacts, giving rise to the need to limit the direct discarding of these modules. The importance of seeking a solution to this environmental impact was reported recently (Lawler et Most current RO systems use a thin-film composite polyamide-type membrane, consisting of three layers, namely: (i) an ultra-thin, dense, active or selective layer of aromatic polyamide; (ii) a micro-porous support layer of polysulfone; and (iii) a considerably thicker base made in polyester (polyethylene terephthalate) (Habert et al. ; Lee et al. ; Shenvi et al. ) . Thus, among the reuse and recycling possibilities, the oxidative treatment (a chemical conversion technique) is able to remove the dense selective layer of the RO membrane, consisting of aromatic polyamide, to produce a porous membrane (Veza & Rodriguez-Gonzales ; Lawler et al. , , ; Pontié ; García-Pacheco et al. ) . Therefore, recycling the discarded RO membranes for application in processes such as microfiltration (MF) or ultrafiltration (UF) could be a feasible alternative for these types of membrane used on a large scale in Brazil and around the world.
In view of the aforementioned, this study aimed to assess the recycling of discarded spiral modules RO membrane, by chemical oxidation, for application in separation processes with less demanding specifications. Factors such as oxidizing agents, concentration of the solutions, contact mode, operating pressure, and treatment time were evaluated. Although there are some previous studies, there are many gaps, controversies and differences in procedures and results. Therefore, in order to clarify the efficiency of oxidative treatment of end-of-life RO membranes, it was necessary to unambiguously assess some important parameters. The results are discussed concerning the effectiveness of several membranes' chemical cleaning procedures and samples pretreatment, as well as oxidizing agent efficiency. This study also aimed to evaluate the influence of pH parameter on oxidative treatment for different agents, and validate the exposure intensity (ppm h) concept. The results of permeability and salt rejection tests, fouling experiments and physicochemical characterizations of membranes are presented and discussed. In addition, reuse of the oxidizing solutions was evaluated to minimize effluent production during membrane recycling. Last but not least, the treatment of produced effluent was also evaluated.
MATERIAL AND METHODS

RO membranes used
The membrane samples used in this study were withdrawn from spiral module, FilmTec BW30 model of 2.0·10 À1 m in diameter, 1.0 m long, and active area of 41 ± 3 m 3 . For the new BW30 membrane, the permeate flowrate is 43 ± 15 m 3 ·day À1 , and NaCl (2.0 g·L À1 ) rejection is 99.5% (Dow ). Samples of membranes used from three different applications were used in this study. Table 1 shows main information on studied membranes.
Experimental set-up
The RO experiments were performed with a bench scale unit. The experimental apparatus comprised: a feed tank; a centrifugal pump connected to a speed controller; a rotameter; a valve for pressure adjustment; a stainless steel membrane cell; a manometer, and a thermometer. A schematic diagram of the experimental set-up is illustrated in Figure 1 .
The membrane cell had a diameter of 9.0·10 À2 m, providing a filtration area of 6.36·10 À1 m 2 . The radial inlet radius of the cell was 6.4·10 À2 m and the internal channel height was 1.0·10 À3 m. The membranes tested were properly cut before being placed in the cell and a feed spacer was placed over the membrane to promote flow distribution.
Membrane chemical cleaning
Cleaning procedures aimed at remove fouling and recover the permeate flow. Several individual and pairs chemicals agents were evaluated with the use of three chemical classes, including solutions at different concentrations, such as alkaline (NaOH), acid (HCl), and two chelating agents (citric and oxalic acid). Three forms of membranes exposure to cleaning agents were evaluated, as follows: (i) simple immersion for 16 hour; (ii) recirculating the cleaning agent for 30 min; (iii) immersion in an ultrasound bath for 20 min.
Water permeability and salt rejection tests
Distilled water permeability tests were performed before and after the chemical cleaning to verify the efficiency of cleaning procedures, as well as before and after the oxidative treatments in order to check changes in selective properties. The determination of permeability was preceded by a period of membrane mechanical compaction using distilled water. Four pressure conditions (between 15 and 4 bar, equivalent to between 1.5·10 6 and 4.0·10 5 Pa) were measured using feed volume of 2 L, flow of 4.0·10 À5 m 3 s À1 in laminar regime (Reynolds number of 848). The temperature was maintained around 25 W C by inserting thermal exchanges in the feed tank. For the case of membrane performance evaluation after oxidative treatments, all conditions were maintained, using low pressures compatible with porous membranes (between 0.5 and 4 bar, equivalent to 5.0·10 4 Pa and 4.0·10 5 Pa). Flux normalization to 25 W C was accomplished by means a correction factor related to the fluid viscosity as shown in Equation (1):
where J N is the normalized permeate flux at 25 W C, ΔV/Δt is the permeate volume by time, A is the permeation area, μ(T) is the water viscosity at the process temperature, and μ(25 W C)
is the water viscosity at the temperature at 25 W C.
The increase of permeability (IP) was adopted as efficiency index, calculated in the form of percentage, defined as the ratio of the permeability of the membrane after the chemical cleaning, or treatment, and the initial permeability.
The salt rejection tests were carried out using solutions of model brackish water (NaCl to 2.0 g·L À1 ) pH 7, 25 W C temperature, 15% recovery, 15.5 bar (equivalent to 15.5·10 5 Pa) pressure for RO membranes, and 1 bar (equivalent to 1.0·10 5 Pa) for recycled membranes. Electrical conductivity measurements (μS cm À1 ) were taken of feed solution with NaCl and of permeate, being converted into NaCl concentration (mg·L À1 ) by means of a calibration curve. The membrane percent salt rejection was calculated by Equation (2):
where R (%) is the salt rejection (NaCl), C f is the water feed concentration, and C p is the permeate concentrate.
Membrane oxidative treatments
The recycling technique consisted to cause a membrane exposition with oxidant solutions in order to remove its dense aromatic polyamide layer and subsequent conversion to a porous membrane. The following factors were evaluated: oxidizing agents, concentration of oxidative solutions, pH, contact mode, operating pressure and treatment time. The performances of the following agents were evaluated: sodium hydroxide (NaOH), sodium hypochlorite (NaClO), hydrogen peroxide (H 2 O 2 ) and potassium permanganate (KMnO 4 ). Although NaOH is not an oxidizing agent, it was included in this study due to its high alkalinity and high efficiency in the cleaning of membranes. In the case of treatments in recirculation pressure of 10 bar (equivalent to 10.0·10 5 Pa) was set for 1 to 2 h. Distilled water permeability and salt rejection tests were performed before and after the oxidative treatment to verify its efficiency, and especially to verify changes on membranes' selective properties. All results reported are average values determined from testing in triplicate.
Characterization of membranes' physical and chemical properties
The membrane samples were characterized by the following techniques: scanning electron microscopy (SEM) using Jeol JSM 6360LV equipment, energy dispersive X-ray (EDX) spectrometry using a Pioneer Si (Li) with a resolution of 134 eV, atomic force microscopy (AFM) using Asylum Research MFP-3D-AS with AC 160TS probe in intermittent contact mode, and Contact angle using a Goniometer Digidrop-DI (GBX Instruments) in standard sessile drop method. The basic preparation of samples for characterization of analysis requires complete drying. Samples of pristine and end-of-life membranes were taken of distilled water and left to natural drying for a minimum of 48 h at 25 W C. In the case of samples obtained after the oxidative treatments, they were soaked in ethanol, followed by soaked in n-hexane, with each step lasting 3 h at room temperature (25 W C). Then the samples were dried by evaporation for 24 h at 25 W C. Ethanol and nhexane were used to displace the water and prevent modification of the original features and/or collapse of micropores of the sample during drying due to the high surface tension of water (0.072 N·m À1 ) (Pucca ).
Evaluation of oxidizing solution reuse
The evaluation of oxidizing solution reuse was performed in order to minimize effluent production. It consisted to reuse the same oxidant solution for the treatment of successive membranes samples in triplicates. Each triplicate of oxidized membranes made up a new batch of recycled membranes, from which a sample was separated to water permeability test, as the conditions laid down in the initial procedure. Thus, the water permeability performance of the treated membranes was followed over time to register the number of batches of recycled membranes that were produced until exhaust the oxidant properties of the solution. In addition, the main characteristics and pH of the oxidizing solutions were evaluated.
Fouling experiments with recycled membranes
Regarding the evaluation of the fouling tendency of recycled membranes was performed by accelerated fouling experiments followed by membrane chemical cleaning. The membranes were subjected to permeation of a mixture solution of four organic compounds: bovine serum albumin, sodium alginate, humic acid, and caprylic acid, representing, respectively, proteins, polysaccharides, humic substances, and fatty acids, which are ubiquitous in effluent organic matter ( The products in powder form were separately diluted in distilled water, and the foulant mixture was prepared in advance of 24 h to fouling experiments to ensure complete dissolution of the contaminants, and stored in a closed container maintained at a temperature of 4 W C.
The foulant solution was pH adjusted to 7 by addition of NaOH solution before feeding the permeation system (Ang et al. a) . The fouling experiments were performed at 2, 1.5, 1 and 0.5 bar pressure and room temperature (25 W C) for 30 continuous hours. The permeation system operated in batch mode with full recirculation. Permeate flowrate measurements were made periodically, as well as temperature monitoring. Following the fouling experiment, the alkaline cleaning was conducted in order to remove organic fouling of the membrane. In addition, the efficiency of alkaline cleaning was assessed by comparing soaking 20 min to 24 h. 0.2% (w) NaOH pH 11-12, and 0.5 g·L À1 NaClO pH 10 were used in porous membranes cleaning (Strugholtz et al. ) . Water permeability tests were conducted after chemical cleaning. The permeate flux was monitored throughout the experiments in order to determine the flux declines and can be described by Darcy's law (Lee & Clark ) . Hydraulic resistances after fouling experiments were also analysed and the tests were conducted under different transmembrane pressures (2, 1.5, 1 and 0.5 bar), a flowrate of 2.4 L min À1 , pH ∼ 7, and temperature of 25 W C.
In the tests, the pure water flux was first measured, and the flux at steady state was denoted Jw. The pure water was subsequently replaced by the organic effluent and the permeate flux was measured for 30 h, the flux at the end being denoted Js. The pure water flux was measured again, for 60 min, to observe the fouled membrane performance (denoted Jf). Finally, the pure water flux was measured again, for 60 min, after rinsing the membrane cell many times with pure water until a constant permeate flux was established and after the chemical cleaning. Then its value was denoted Jc.
The relative flux (RF) was defined as Equation (3):
In this case that 100-FR and FR-RF corresponded to the irreversible flux decline (caused by fouling) and the reversible flux decline (caused by either concentration polarization or reversible adsorption phenomena), respectively (Kaya et al. ) .
Finally, in order to better evaluate the fouling tendency of recycled membranes, based on the pressure that showed a more favourable permeate flow decline, successive cycles of accelerated fouling tests, followed by alkaline cleaning at 25 W C were conducted for a same sample of recycled membrane, totalizing 150 h of operation.
RESULTS AND DISCUSSION
Chemical cleaning and rewetting of end-of-life RO membranes
In the first place, the preliminary tests were conducted with samples of membrane 'A'. Tests for comparison of water permeability before and after chemical cleaning procedures showed that citric and oxalic acids using presented IP results of only ∼30% while HCl use showed IP of ∼130% and alkaline (NaOH) use showed IP of 160%. The results revealed that there was no significant difference between the sequence of cleaning steps (acid-alkali or alkali-acid). Significant increases were not observed after the second chemical cleaning step in any case. This certainly occurred due to the nature of the fouling that was present in the membrane because there is no chemical cleaning protocol that universally meets all cases of membrane fouling. The best average performance increased from 0.14 ± 0.14 L·h À-1·mÀ2 ·bar À1 (equivalent to 3.8·10 À13 m 3 ·s À1 ·m À2 ·Pa À1 ) to 0.32 ± 0.03 L·h À1 ·m À2 ·bar À1 (equivalent to 8.9·10 À13 m 3 ·s À1 ·m À2 ·Pa À1 ). Furthermore, similar results of permeability performance with or without ultrasound cleaning bath were obtained. The alkaline cleaning procedure used 0.1% (w) NaOH (pH 12) followed by acid cleaning with 0.2% (w) HCl (pH 1-2) by means immersion, each step for 16 h at 25 W C. Thus, it was adopted as the standard cleaning for this study. Ang et al. (b) reported the advantages of using alkaline cleaning with NaOH as a first step to make the fouling most porous and vulnerable to the action of other cleaning agents. In addition, the manufacturer recommends that the acid cleaning must only be applied as a first step, if it is known that only calcium carbonate or oxide and/or hydroxide of iron are present in the membrane. Acid cleaning agents typically react with organic silica (e.g. humic acid) and biofilms present on the surface of the membrane and may cause a decline in their performance (Dow ).
In this point, is important to note that the permeability values obtained were extremely low when considering the value of 3.0 L·h À1 ·m À2 ·bar À1 (equivalent to 8.3·10 À12 m 3 ·s À1 ·m À2 ·Pa À1 ) that is specified by the manufacturer for pristine BW30 membranes.
This series of exploratory studies revealed the need for pretreatment of the end-of-life membranes in order for rewetting. Several procedures for samples rewetting were evaluated and the average results of permeability and respective standard deviation (SD) are shown in Table 2 .
Especially the IP values indicate the efficiency of pretreatment with ethanol and mixture 50% by volume ethanol-water for water permeability membrane recovery (increase >7 times). Taking as a basis the average permeability obtained after the chemical cleanings (0.32 ± 0.03 L·h À1 ·m À2 ·bar À1 , equivalent to 8.9·10 À13 m 3 ·s À1 ·m À2 ·Pa À1 ), an increase in permeability of more than 230% occurred after the rewetting step. The literature suggests that short-chain aliphatic alcohols facilitate the increase in permeate flow in NF and RO membranes. This phenomenon is attributed to adequate membrane selective layer wetting, and swell the polymer matrix, increasing the membrane hydrophilicity, as proposed by Louie et al. () . The immersion time of the membrane in the mixture of 50% (v/v) ethanol-water, which ranged from 5 min to 15 h, suggested not a relevant influence factor, as indicated by the IP. Whereas the satisfactory efficiency of the mixture 50% (v/v) ethanol-water, for 5 to 15 min, and reagent economy, the present study adopted a pretreatment protocol for end-of-life membranes rewetting. On the other hand, results of tests conducted in triplicate with pristine BW30 membranes immersed in the mixture 50% (v/v) ethanol-water indicated that the benefit of this pretreatment occurs precisely in the case of membranes that were resected. Moreover, additional tests conducted in triplicate with chemical cleaning after rewetting of the samples also showed no occur longer recovery permeability. Thus, the prior chemical cleaning of the membranes assumed the function of preventing the contamination of the ethanol-water mixture and a possible reuse of the mixture rewetting of successive samples of membranes.
Efficiency of oxidative treatments
From previous studies, Table 3 presents a comparative summary of the oxidative treatment techniques, including performance reports. The present study conducted a series of oxidative treatments using selected agents and conditions. The oxidative treatment experiments on recirculating solutions started from concentrations indicated in the literature, applying a treatment time of 1 to 2 h. In the case of immersion oxidative treatment, from previous studies, it is important to note that the concept of exposure intensity (ppm·h) was applied, that is, despite different concentrations of solutions and different exposure time, an initial exposure intensity value of 300,000 ppm·h was fixed, thus making it possible to compare the results. Additional tests evaluated lower exposure intensities.
The average results and respective SD of the water permeability tests and salt rejection testing of oxidized membranes are shown in Table 4 . The IP values were obtained for oxidized membranes in relation to the average permeability of the end-of-life membranes after the chemical cleaning and rewetting (1.07 L·h À1 ·m À2 ·bar À1 , equivalent to 3.0·10 À12 m 3 ·s À1 ·m À2 ·Pa À1 ).
As seen from Table 4 , the greatest performance of NaClO occurred in relation to other agents with significant increases in permeability after the oxidative treatment. The KMnO 4 is also proven as an effective agent for the oxidizing of membranes, especially in acidic solution. The recirculation and pressurization condition was a factor of minor influence that the contact time in the passive immersion.
There are operational and economic advantages of oxidative treatment in immersion when compared to treatment in recirculation and/or pressurization, for example, in energy savings. Furthermore, the pH stability (immersion condition) was favoured during the oxidative treatment. In the series of oxidative treatment immersion tests, the concept of intensity of exposure (ppm·h) was valid, except in assays condition with low concentration of NaClO. Thus, adjusting the concentration of the oxidant solution for a time of interest in the immersion treatment by means of a monitoring of the dosage of oxidant solution, allows periodical exchange of the bath only when necessary.
In accordance with Lawler et al. (, ) , NaClO is a powerful oxidant for RO membranes, although the authors have not reported the evaluation of the influence of pH on the efficiency of aromatic polyamide layer oxidation reaction. Tests with NaClO adjusted to pH 4 resulted in bursting of the samples, the appearance of bubbles on the surface and pronounced peeling, which is why the permeability tests could not be performed. This showed that the acid pH causes further degradation of the membrane than the alkaline pH, kept with the other conditions. Thus, the chemical load associated with acid condition was considered too severe. Kang et al. () had stated that the reaction of chlorinating aromatic polyamide membrane is faster in acid conditions than in alkaline conditions. According to Table 3 , Veza & Rodriguez-Gonzales () had reported the efficiency of KMnO 4 for RO membrane oxidation, but were emphatic that the best result was in treating by recirculation, and not in immersion. In the present study, after the membrane oxidative treatments with KMnO 4 , a brown colour was observed on the sample surface; it was identified as a layer of manganese dioxide (MnO 2 ). This phenomenon had been reported by Ambrosi & Tessaro () . An additional step of chemical cleaning was conducted with 0.2% (w) citric acid solution (pH 2.5) for 40 min. Thus, removing at least part of the membrane surface oxide was possible, as observed by significant whitening of the sample surface. In order to highlight the importance of acid chemical cleaning after the oxidative treatment with KMnO 4 , water permeability tests performed in triplicate revealed an average IP in 3.4 ± 0.5 times (∼240%) compared to the results obtained without such cleaning.
In particular, salt rejection tests were conducted only for samples that showed better performance permeability after each type of oxidative treatment. The end-of-life membrane showed low initial permeability but high performance salt rejection, compared to that specified by the manufacturer, which is ∼3.0 L·h À1 ·m À2 ·bar À1 (equivalent to 8.3·10 À12 m 3 ·s À1 ·m À2 ·Pa À1 ) and 99.7%. The results show that there was a loss of salt rejection characteristics for all cases after the oxidative treatment.
In accordance with Lawler et al. (), end-of-life RO membrane performance after the exposure to 300,000 ppm·h NaClO showed permeability of 175 ± 4 L·h À1 ·m À2 ·bar À1 (equivalent to 4.86·10 À10 m 3 ·s À1 ·m À2 ·Pa À1 ), and salt rejection of less than 1%. Raval et al. () and Pontié () reported similar results for the same test conditions. Mitrouli et al.
(), that studied the membrane aging, reported an increase of permeate flux in ∼160% and decrease salt rejection in ∼50% after an exposure intensity of 26,000 ppm h NaClO at alkaline pH, whereas García-Pacheco et al. () reported an increased permeability of ∼0.80 to ∼40 L·h À1 ·m À2 ·bar À1 (equivalent to from 2.2·10 À12 to 1.1·10 À10 m 3 ·s À1 ·m À2 ·Pa À1 ), corresponding to ∼50 times higher, and a salt rejection ∼4.4% after ∼30,000 ppm h exposure NaClO. Despite the difference in results between the various authors, the same trend is observed. Among the previous test conditions, the main controversy is the intensity of exposure to oxidants, according to Table 3 Based on the experimental results, although the immersion treatment in the contact intensity of ∼165,000 ppm·h with NaClO (pH 11) already showed an expressive increase in the water permeability of the membrane, the best results were obtained by immersion treatments of 300,000 ppm·h with NaClO in its typical pH condition (alkaline) and with KMnO 4 in pH adjusted to the acid condition (3-4). The high permeability results obtained after oxidative treatments with NaClO and KMnO 4 and significant loss of salt rejection indicated that there was a change in membranes selective properties caused by a supposed degradation of aromatic polyamide layer.
Results reproducibility
In order to verify the results reproducibility, a new series of tests was conducted. Membranes 'B' and 'C' (different origins and applications of membrane 'A') were used (Table 1 ). In the case of the membrane 'B', unlike membranes 'A' and 'C', the alkaline cleaning alone, brought about a high recovery of permeability of about 180% compared to the permeability of the fouled membrane, possibly due to the dominance of organic fouling. The rewetting pretreatment with the mixture 50% (v/v) ethanol-water was efficient for membranes 'B' and 'C' and brought IP over the previous steps of chemical cleaning, particularly for membrane 'C'. Although membrane 'C' has been received with information that suspected irreversible fouling aluminium, rewetting the mixture with 50% (v/v) ethanolwater caused recovery of permeability for similar situations that specified for pristine BW30 membranes. Table 5 shows the performance results of membranes 'B' and 'C' before and after the oxidative treatment in immersion conditions with NaClO and KMnO 4 (300,000 ppm·h).
In general, results of high permeability membrane samples 'B' and 'C' following oxidative treatments were observed, similar values to the results obtained with the samples of the membrane 'A'. The high permeability results were accompanied by significant decreases in salt rejection, as expected. Finally, assuming a normal distribution of water permeability values, analysis of variance was applied to the membranes' three groups (A, B and C). Comparing the results of averages, it was concluded that there is no statistical evidence that the averages are different, the level of significance of 5%. Therefore, the process is stable and reproducible.
Analysis by SEM
The images of the membranes obtained by SEM revealed the modifications in the morphological structure of the membranes after the oxidative treatments ( Figure 2) .
The contrasts observed in SEM micrographs result from the topography of the samples of the membranes. The micrographs of Figure 2 The pristine membrane (a) presents a surface that consists of an upper layer formed by irregular stains on the polymeric substrate and can be described as a network of polymer filaments (aromatic polyamide). The morphologies observed in the images (Figure 2(b) and 2(c)) are very similar to each other, in which the ridges in the surfaces appear slightly less prominent than those observed in the micrograph of Figure 2(a) . This may indicate a relatively smooth surface layer caused by the presence of deposits. The adhesion of particles on the surface of the membrane results in amorphous gels as observed. The similarity between the images Figure 2 (a) and 2(d) is assigned the efficiency of fouling removal by chemical cleaning.
The membrane samples that received treatment with NaClO (Figure 2(f) ) and KMnO 4 (Figure 2(h) ) showed a very distinct surface state of the previous, characterized by the reduction of contrasts between light and dark areas, which indicates topographical changes that can be attributed to the degradation of the surface layer of aromatic polyamide. For the samples treated with NaOH (Figure 2(e) ) and H 2 O 2 (Figure 2(g) ) significant changes in the pattern of 'ridges and valleys' were not observed. Figure 3 shows SEM micrographs in top cross section, in two different magnifications.
The micrographs (a1) and (a2) in the upper cross section (Figure 3 ) allowed the identification of an extremely thin layer, rougher appearance, recognized as the aromatic polyamide layer. The interface with the polysulfone layer of spongy appearance also is observed. The structure of the aromatic polyamide layer with non-uniform thickness, appears to start immediately above the polysulfone layer in the region where the interfacial reaction probably occurred during manufacture. (Figure 3(a1) and 3(a2) ). The general morphology is similar to the previous, but the top layer of polyamide appears less dense, such as in a state of decomposition. In relation to micrographs 3(b1) and 3(b2), a remarkable change in morphology was observed. The thin polyamide layer appears not to be present in the micrograph, and only a spongy layer is observed, corresponding to the porous polysulfone layer. Thus, as objectives of this study, the SEM characterization contributed to check the degradation and removal of the dense layer of aromatic polyamide, caused by oxidizing agents. This explains the great changes in the selective properties of the membranes after oxidative treatments.
Analysis by EDX
Regarding EDX analysis allows obtainment of information about variations of elemental chemistry of samples of the membranes, and helps to identify chemical contaminants, such as deposition of inorganic salts. The pristine membrane spectrum showed the intensities of the peaks (qualitatively) of the elements comprising the polymeric membrane that mainly consists of carbon (C) and oxygen (O), as well as a peak of the element sulphur (S), that refers to the structure of the membrane support layer, polysulfone. This is understandable, since the depth of beam penetration is greater than the thickness of the surface layer of polyamide. As might be expected, the same spectra were repeated for the EDX analysis of the sample which received chemical cleaning. In the cases of end-of-life membranes 'A', 'B' and 'C', the spectra showed the chemical composition of aromatic polyamide membrane plus other elements. All identified elements (sodium, silicon, calcium, magnesium and phosphorus, respectively, Na, Si, Ca, Mg, and P) are, certainly, resulting from prior use of the membranes of the water treatment processes. The aluminium peak was not identified in the membrane 'C', despite the initial suspected irreversible fouling of that element.
Analysis by AFM Figure 4 shows 3D topographic AFM images obtained in intermittent contact mode, scanned area of 5 × 5 μm, at random positions membranes. All AFM images (Figure 4) and results from the SEM analysis supported each other.
Superficial roughness determination
Based on the features of AFM from samples, random areas (25 μm 2 ), the results of the magnitude of the main surface roughness parameter (root mean square roughness -RMS) obtained by statistical analysis of average values of triplicate samples and their SD were shown in Table 6 .
The superficial RMS of pristine membrane presented the same mean of the sample that received chemical cleaning and this result suggests fouling removal efficiency. Norberg End-of-life membranes 'A' and 'B' had an RMS values lower than the pristine membrane and clean membrane, as expected. Interestingly, of all the results, the end-of-life membrane 'C' showed greater RMS than others. This result can be attributed to the rough nature of fouling own material. For the sample that received only rewetting pretreatment, the RMS value obtained was similar to end-of-life membranes 'A' and 'B'. This was expected, considering that this sample also had not received chemical cleaning, so was fouled.
In the case of samples that received oxidative treatments with NaOH and H 2 O 2 , the RMS was similar to fouled membranes. Whereas with the prior fouling removal, it indicates that a reduction in roughness of these samples in relation to pristine membrane after these treatments is probably due to a rearrangement of the polyamide chains. However, overall RMS results, small values measured for the samples that were oxidized with NaClO and KMnO 4 are highlighted. This drastic reduction of RMS, in the order of nine times, proves the sharp change in the topography of these samples, characterized as smooth, while the small SD values indicated the uniformity of the surface.
Hydrophilicity/hydrophobicity characterization
Contact angles measures were made to evaluate changes in the hydrophobicity of membranes after various treatments. A surface is hydrophilic when liquid placed in contact spreads, resulting in a contact angle less than 90 W . A hydrophobic surface, unlike, repels the liquid, resulting in a contact angle greater than 90 W (Schäfer et al. ). According to Akin & Temelli () , in the case of membranes, angle values exceeding 60 W are considered indicative of relatively hydrophobic surfaces. Table 7 shows the results of contact angle measurements (θ). The contact angle values showed that the pristine sample presented characteristics of higher hydrophobicity on all others, followed by an oxidized sample with NaClO. In the end-of-life membranes, the presence of fouling on the surface certainly can contribute to the reduction of the hydrophobicity, due to changes in surface roughness of the sample or a possible affinity between the deposits and the water. After the chemical cleaning, an increase in contact angle was observed, indicating a partial hydrophobicity recovery. Molina et al. () also observed increased contact angle of RO membranes after fouling removal.
In the cases of treatments with NaOH and H 2 O 2 , contact angle measures indicated similar characteristics to the end-of-life membranes, but in both cases there were no fouling influences, which suggests some change on the surfaces of the samples.
The samples that received oxidative treatment with NaClO presented high contact angle, and this hydrophobicity can be attributed to new topographical features of the surface, which was supposedly caused by the degradation of polyamide layer. The oxidized sample with KMnO 4 showed high hydrophilicity due to the MnO 2 layer that was formed on its surface. The hydrophobicity of this sample was partially recovered after the additional step of acid cleaning, reaching a similar contact angle to the originally clean membrane.
The difference in hydrophilicity/hydrophobicity between the various samples can be attributed to the cooperative effect of roughness and surface composition of the membrane, as suggested by many previous studies (Do End-of-life membranes 'A' and 'B' had an average contact angle with similar values to samples treated with ethanol and/or ethanol-water, although they showed the permeability had significantly lower performance compared to all others. The end-of-life membrane 'C' also showed low permeability before chemical cleaning and rewetting, despite presenting lower contact angle. Moreover, the samples after the treatment with NaClO (which showed the highest permeability) had contact angles of hydrophobic nature, similarly to the pristine membrane. This suggests that there is not a direct relationship between the contact angle measures and the permeability of membranes and this conclusion is supported by studies of Tu et al. () .
Oxidizing solution reuse and effluent treatment
Baths of 300 mL of oxidizing solutions were reused for successive treatments of samples in triplicate membranes over time. Each triplicate was identified as a batch. The NaClO bath remained a strongly alkaline pH, whereas in the acidified KMnO 4 bath, a small increase of pH was observed after the second batch of membranes, and HCl was added to maintain the pH around 3-4. Moreover, the acidified KMnO 4 bath lost its purple colour characteristic, along the third batch production has completely, with the formation of a precipitate of dark brown colour, identified as MnO 2 . Comparatively, the KMnO 4 bath pH 6.5 was maintained stably and had loss of violet coloration characteristic from the third lot, but without the formation of precipitate.
The results of water permeability for recycled membranes showed that NaClO bath produced 36 batches of oxidized membrane, while maintaining high permeability values between 81 and 124 L·h À1 ·m À2 ·bar À1 (equivalent to 2.2·10 À10 and 3.4·10 À10 m 3 ·s À1 ·m À2 ·Pa À1 ). For the cases of two KMnO 4 baths, the permeability of the treated samples was markedly small after the production of the third batch (<3.2 L·h À1 ·m À2 ·bar À1 , equivalent to 8.9·10 À12 m 3 ·s À1 ·m À2 ·Pa À1 ). This revealed a rapid efficiency loss, indicating that KMnO 4 solutions, or acidic, or neutral pH, were completely exhausted.
The fact that NaClO bath reuse for membrane oxidative treatment allows the recycling of various batches is considered highly favourable within the purpose of minimizing the effluent production. After consecutive treatments of 36 batches of membranes, the pH of NaClO bath decreased to 8.95, and the solution followed to treatment.
In order to treat oxidizing waste (NaClO and KMnO 4 solutions), sodium thiosulfate (Na 2 S 2 O 3 ) has been used successfully. In the reaction between NaClO with reducing 
Tendency to fouling of recycled membranes
During the accelerated fouling experiments, using a mixture of organic foulants, the oxidized membrane with NaClO showed a higher initial performance than the oxidized membrane with KMnO 4 , but after ∼7 h of operation, the flux did not vary significantly over time, approaching the steady state. About ∼24 h of permeation, both stabilized at a permeate flowrate ∼40 L·h À1 ·m À2 (1.11·10 À5 m 3 ·s À1 ·m À2 ). Figure 5 presents the experimental results of normalized permeate flux as a function of time over 30 h of continuous permeation of four samples of membranes oxidized with NaClO to different pressures.
The gradual permeate flux decay observed occurs due to concentration polarization and/or fouling. Fouling mechanisms can be reversible or irreversible. Reversible fouling is mainly caused by the formation of a cake layer (deposition, gel formation) or concentration polarization of foulants onto the membrane surface. It can be removed by an appropriate physical washing such as backwashing or surface washing. Conversely, irreversible fouling is caused by adsorption and/or pore blockage (Razmjou et al. ) .
After this, successive alkaline cleanings with 0.1% (w) NaOH were conducted, totalling 20 min, 2, 4 and 24 h of immersion, intercalated by water permeability tests. Good efficiency alkaline chemical cleaning was immediately observed in the first stage in all cases. Samples of recycled membranes by treatment with NaClO showed that over 20 min there was no significant IP recovery. Additional cleaning with 0.5% (w) NaClO for up to 16 h also did not result in additional IP. For samples of recycled membranes with KMnO 4 , a similar pattern was observed. These results are consistent with the cleaning and kinetic mechanisms proposed and verified by Blanpain-Avet et al. () when the cleaning agent is a solution of NaOH. The authors reported that the removal of most of the organic fouling in MF and UF membranes occurs in the first few minutes of cleaning (between 0.3 and 12 min), by solubilization.
Finally, after repeating fouling test for 30 h with membranes oxidized by NaClO in triplicates, followed by alkaline immersion cleaning for 2 h with 0.1% NaOH solution, the results indicate that the permeability recoveries were ∼80%.
From the permeate flux decline analysis of the recycled membrane and its relations to the applied pressures and the total hydraulic resistance to mass transfer, the results are presented in Table 8 . Figure 5 and Table 8 show that at higher pressures, a higher flux decline was observed compared with that at lower pressures and the best permeation performance was provided under a pressure of 0.5 bar (equivalent to 0.5·10 5 Pa). The flux decay due to fouling was dominant comparing to concentration polarization at all pressures (Table 8 ). In addition, of the amount of resistance caused by fouling, it was reversible after the physical cleaning (with water recirculation), and the irreversible resistance, after chemical cleaning, was the smallest portion for all different applied pressures. Therefore, this set of results indicates a favourable situation for the operation of the recycled membrane. Additionally, successive cycles of accelerated fouling and chemical cleaning using a sample of the recycled membrane were conducted, totalling 150 h (5 cycles). The permeate flux was monitored over time, applying the preselected pressure of 0.5 bar (equivalent to 0.5·10 5 Pa), which previous analysis had indicated a more favourable flow decline. The permeate flux behaviour of the recycled membrane in relation to the fouling and cleaning stop is shown in Figure 6 . Figure 6 shows that the recovery of permeate flow successively over the cycles is obtained favourably to the recycled membrane after chemical cleaning. This result indicates that the long period of operation of the recycled membrane meets the objectives of the present study.
In addition, for larger-scale operation, the tangential flow cooperates in controlling the polarization of the concentration, as well as being favourable to minimize the cake layer formation, allowing the system to operate under mass transfer regime conditions. Higher flow velocities (greater turbulence) cause greater shear forces, capable of removing at least part of the retained material, that is, promoting favourable conditions to reduce the cake layer and, consequently, higher values of permeate flow. Finally, the introduction of physical cleanings in the operation of recycled membranes on a larger scale can certainly reduce the need for chemical cleaning stops.
CONCLUSIONS
• The simple immersion in ethanol, alone or in mixture with 50% by volume water, may be applied as an efficient pretreatment for recovering the permeate flowrate of resected membranes.
• The conventional chemical cleaning immersion in 0.1% (w) NaOH solution (pH 11-12), followed by 0.2% (w) HCl (pH 1-2) at 25 W C for 16 h each step, resulted in a satisfactory fouling removal and permeability recovery.
• The NaClO and KMnO4 solutions exhibited great effectiveness to modify the selective properties of RO membranes, being the salt rejection decreasing from 97% to 17 and 11%, respectively. In terms of water permeability, taking as a basis the pristine RO membrane (∼3.0 L·h À1 ·m À2 ·bar À1 , equivalent to 8.3·10 À12 m 3 ·s À1 · m À2 ·Pa À1 ), membranes oxidized with NaClO (pH 11) had an increase of 27 to 39 times, whereas the membranes oxidized with KMnO4 (pH 4) showed an increase of 22 to 29 times.
• The NaClO bath presented higher physical and chemical stability than the KMnO 4 bath, and demonstrated capacity for reuse by successive treatments of 36 batches of membranes, whereas baths of KMnO 4 lost their oxidizing capacity after the third batch. Accordingly, recycling of end-of-life membranes using NaClO bath is more attractive for large-scale application because it minimizes effluent production.
• A permeate flowrate ∼40 L·h À1 ·m À2 (1.11·10 À5 m 3 ·s À1 ·m À2 ) was stabilized after ∼24 h of permeation. The flux decline analysis demonstrated that the best permeation performance for recycled membrane with NaClO was provided under a pressure of 0.5 bar (equivalent to 0.5·10 5 Pa). Low pressure is considered favorable within the purpose of minimizing energy costs. An alkaline cleaning at 25 W C was efficient in order to permeability recovery during successive cycles of fouling and cleaning for 150 h.
• The combination of hydrophilicity and low surface roughness resulted in a membrane with high flux and good fouling behaviour. Thus, the recycled RO membranes offer potential use as a MF or UF with good performance and fouling resistance process.
